We show that using the Dirac equation to calculate quark bound c states can give.rise to significantly different eigenspectra than those obtained by using the same potential in the Schrcedinger equation, even when < v2/c2 > is small. The origin of this effect is identified and discussed.
The results are given in Table I , where the mass of the nth radially excited state is given by m n=2mc+(En-%) (1) where mc is the (charm) quark mass, and En is the n th radial excitation eigenvalue obtained by solving the Dirac equation with a reduced mass mc/2.
Thevalues in Table I differ from the results obtained by previous calculations3 using the same potentials in the Schroedinger equation (as shown in Table II ) by more than the relativistically induced spin orbit coupling corrections estimated6 by -C v2/c2 > -l-4%. Especially important are the much reduced (-40%) mass splittings, which are considerably smaller than those observed for #'-?c, and z/?'-#'. We shall now show that these discrepancies arise from a combination of the large values that a confining potential must attain in order to confine the quarks and the technique of nonrelativistic reduction. 
[s++sJ (4) Note that K(K+~) =iA(QA+l), and that m -m/2 for the reduced mass case. E2 -(m+V)2 = 2m(Esch-Vsch) .
If E sch e m and IV1 << m
-5-over a sufficiently large range of r where the wave function is appreciable, then Eqs. (6) and (7) imply over that range of r, and Eqs. (2) and (5) for an appreciable interval of r where the wave function is appreciable, then it is no longer clear that the eigenspectra of Eqs. (2) and (5) To demonstrate that this is indeed the origin of the differences between the results given in Tables I and II, 9 we have solved Eq. (6) for V using each Vsch in turn to obtain (E-m)2 + m2 + 2mVsch .
-6-We then solved the Dirac equation as before, using this energy dependent potential, and obtained the results listed in Table III The appearance of an energy-dependent effective potential may not be so unreasonable as it first seems, as the effective coupling constant in the underlying field theory depends on energy as well as on three-momenta:
If we denote the three-dimensional Fourier transform of g(t) by g(r, E), a conceivable approximate expression for the "effective potential" is By assuming a specific form for the function p (in Eq. (11)) which is in agreement with asymptotic freedom, one may obtain a potential which behaves as l/r Qn(r) at small distances and as rp (p > 0) for large quark-quark (antiquark)
separations.
However, in order to use this potential directly in the Schrcedinger equation one must now not only conjecture that Eq. (12) occurs, but also that this gives rise to the specific energy dependence of the potential in Eq. (10). We are not trying here to cast doubt on the possibility that confinement potentials may be generated by the so-called "i&a-red slavery" mechanism. Rather, we are suggesting that such potentials, guessed from the p-function, should be applied, if at all, 11 in the Dirac equation, resulting usually in more complicated and energy dependent potentials in the reduced mass Schrcedinger equation version of these problems. These smaller mass differences are also more in agreement with some calculations l4 we have done using the MIT bag model 10 : we were unable to find a consistent and reasonable set of parameters which gave both an overall mass scale of -3 GeV and mass differences of > .4 GeV between excited states.
Along this line, we also note that Vinciarelli 15 has claimed, within the framework of field theory bag models, that the bound state mass differences are M .2 GeV, for quarks of mass -l-2 GeV.
We would like to acknowledge several discussions on this subject with T. Appelquist, S. Brodsky, J. Rosner, and S.-H. H. Tye. This point has been stressed to one of us by T. Appelquist (private communication).
12. Of course, one could always give up trying to link these potentials to an underlying field theory and revert to the earlier approach, namely to use some guessed potential as an ansatz in the Schrcedinger equation.
13. A difference in overall mass scale should not be taken too seriously, as it depends strongly on mc, whereas the differences of energy eigenvalues vary slowly in the neighborhood of a given value of m c. In fact, it can be argued that the quark mass term (2m,) in Eq. (2) 
